New fluorite-related quaternary rare earth oxides Pr 2 YRuO 7 and La 2 TbRuO 7 have been prepared. They crystallize in an orthorhombic superstructure of cubic fluorite with space group
Introduction
Magnetic properties of compounds containing both rare earth and transition metal have attracted a great deal of interest, because they often show anomalous magnetic behavior derived from interactions of unpaired 4f electrons and d electrons.
Since the 4f electrons are highly localized and are shielded by the surrounding 5s and 5p electrons in the outer shell, the magnetic interactions between 4f electrons in the condensed matter are very weak. Therefore, one of the most challenging problems in the modern chemistry of rare earth compounds is to find a compound in which strong magnetic super-exchange interactions between 4f electrons exist, which give rise to a long-range magnetic ordering at relatively high temperatures, and to elucidate their mechanism. 4 cell for oxides has the composition M 4+ 4 O 8 . If the four tetravalent metal ions are replaced by three trivalent ions (Ln) and one pentavalent ion (M), one oxide vacancy is formed per fluorite cell. Due to the significant differences in radii between the Ln 3+ and M 5+ ions, cation ordering occurs on the metal sites and the oxide-vacancy orders on the anion sites. The M 5+ ion is coordinated with six oxygen ions, forming an MO 6 octahedron. These octahedra share corners forming one-dimensional chains which are oriented along the c-axis.
Many studies have been performed, due to this unique crystal structure and possible related magnetic properties for Ln 3 MO 7 compounds (M = Mo [2] [3] [4] , Ru [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , Re [18] [19] [20] [21] , Os [14, [22] [23] [24] , and Ir [25] [26] [27] [28] ), especially for the magnetic properties of compounds containing Ru 5+ ion at the M-site because of its largest possible spin (S = 3/2) among the 4d and 5d [29] .
In the structure of Ln 3 RuO 7 compounds, there are two kinds of oxygen-coordination environment around Ln ions. One-third of the Ln ions are coordinated by eight oxygen ions and the remaining two-third of the Ln ions are seven-coordinated. In order to clarify why Pr 3 RuO 7 shows the high magnetic transition temperature, we tried to prepare Pr 3-n Ln n RuO 7 compounds (Ln = Y, Lu; n = 1, 2) in which some Pr ions are replaced by the diamagnetic Y or Lu ions. Similarly, Tb 3-n La n RuO 7 compounds (n = 1, 2) compounds were prepared. Through X-ray diffraction measurements, their structures were determined, and magnetic susceptibility and specific heat measurements were performed from 1.8 to 400 K to study their magnetic properties.
Experimental

Sample Preparation
As starting materials, rare earth sesqui-oxide Ln 2 O 3 and ruthenium dioxide RuO 2 were used. For Ln = Pr and Tb oxides, Pr 6 O 11 and Tb 4 O 7 were used. Among them, La 2 O 3 was fired in advance at 900°C for 12 h. They were weighed in an appropriate metal ratio and the mixtures were ground in an agate mortar. The mixtures were pressed into pellets and then heated in air at 1250 ~ 1300 °C for 12 h. After cooling to room temperature, the pellets were crushed, re-pressed into pellets, and reheated in the same conditions. These procedures were repeated three or four times with several intermediate grindings.
X-ray Diffraction Analysis
Powder X-ray diffraction profiles were measured using a Rigaku Multi-Flex diffractometer with Cu-Kα radiation (λ = 1.5406 Ǻ) equipped with a curved graphite monochromator. The data were collected by step-scanning in the angle range of 10° ≤ 2θ ≤ 120° at a 2θ step-size of 0.02°.
The X-ray diffraction data were analyzed by the Rietveld technique, using the programs RIETAN-FP [30] , and the crystal structure was drawn by using the VESTA program [31] .
Magnetic Susceptibility Measurements
6
The temperature-dependence of the magnetic susceptibility was measured in an applied field of 0.1T over the temperature range of 1.8K ≤ T ≤ 400K, using a SQUID magnetometer (Quantum Design, MPMS5S). The susceptibility measurements were performed under both zero-field-cooled (ZFC) and field-cooled (FC) conditions. The former was measured upon heating the sample to 400 K under the applied magnetic field of 0.1 T after zero-field cooling to 1.8 K. The latter was measured upon cooling the sample from 400 to 1.8 K at 0.1 T.
Specific Heat Measurements
Specific heat measurements were performed using a relaxation technique by a commercial heat capacity measuring system (Quantum Design, PPMS) in the temperature range of 1.8-400 K. The sintered sample in the form of a pellet was mounted on a thin alumina plate with Apiezon for better thermal contact.
Results and Discussion
Preparation and crystal structure
In this study, we could prepare Pr 2 LnRuO 7 (Ln = Y, Lu) and Tb 3-n La n RuO 7 (n = 1, 2)
compounds. For PrY 2 RuO 7 and PrLu 2 RuO 7 , a single-phase compound was not obtained. have been reported to be well described in the orthorhombic space group Cmcm or C222 1 [32] .
X-ray and neutron diffraction measurements show that Ln 3 RuO 7 have also orthorhombic symmetry with space group Cmcm for Ln = La ~ Gd. The diffraction patters are similar to that for the fluorite structure and all reflections appeared to be consistent with the C-centered conditions, h + k = 2n, and h 0 l reflections with odd l are absent. We have analyzed the X-ray diffraction profiles with the same space group Cmcm. All the reflections observed could be successfully indexed. For the case of C222 1 space group, many very weak h 0 l reflections with odd l should be observed. The crystallographic data determined for Pr 2 YRuO 7 are listed in Table 1 . The results of the Rietveld analysis for the X-ray diffraction profiles of Pr 2 YRuO 7 showed that the eight-coordinated 4a site are mostly occupied by the Pr atoms. Figure space group Cmcm [33] . All the reflections observed could be successfully indexed with the same space group. The structural parameters determined for La 2 TbRuO 7 are listed in Table 2 .
The results of the Rietveld analysis for the X-ray diffraction profiles of La 2 TbRuO 7 showed that half of the La atoms are almost situated at the eight-coordinated 4a site and the rest half of La atoms and Tb atoms are randomly situated at the seven-coordinated 8g site. In order to obtain the information about the magnetic transition observed at 27 K, specific heat measurements were performed in the temperature range between 1.8 and 400 K. Figure 5 shows the temperature dependence of the specific heat divided by temperature (C p /T)
for Pr 2 YRuO 7 . A specific heat anomaly has been observed at 27 K, which is in accordance with the results by magnetic susceptibility measurements.
For magnetic compounds, the total specific heat (C p ) is the sum of the lattice specific heat (C lat ) and magnetic specific heat (C mag ). To evaluate the magnetic contribution to the specific heat, we have to subtract the contribution of lattice specific heat from the total specific heat, i.e., C mag = C p -C lat . The lattice specific heat was estimated by using the specific heat data for a diamagnetic compound La 3 NbO 7 . The magnetic specific heat below 1. In order to obtain the information about the low-temperature magnetic behavior of La 2 TbRuO 7 , specific heat measurements were performed down to 1.8 K. Figure 8 shows the temperature dependence of the specific heat divided by temperature (C p /T) for La 2 TbRuO 7 .
The specific heat data for Tb 3 RuO 7 and LaTb 2 RuO 7 are also shown in the same figure.
Different from the case of Tb 3 RuO 7 and LaTb 2 RuO 7 , one specific heat anomaly has been observed around 9.0 K, which is in accordance with the results by magnetic susceptibility measurements.
The magnetic specific heat was estimated by subtracting the contribution of the lattice specific heat from the total specific heat in the same way as is the case for Pr 2 YRuO 7 . The lattice specific heat was estimated by using the data for a diamagnetic compound La 3 NbO 7 . Figure 9 shows the temperature dependence of the magnetic specific heat divided by temperature (C mag /T). From the temperature dependence of the magnetic specific heat, the magnetic entropy change for La 2 TbRuO 7 (S mag ) is calculated by the relation S mag = ( )dT T C mag ∫ , and its temperature dependence is also shown in Fig. 9 . The total magnetic entropy change amounts to ~ 11 J/mol K at 40 K. The maximum magnetic entropy change for the ordering of magnetic moments of Ru 5+ ions is estimated to be 11.52 J/(mol K). The estimated S mag value from specific heat measurements is in agreement with this value. Please change Table 2 into new version as shown below!  The font size of La(1), Tb(1), La(2), and Tb(2) should be the same as that of Ln(1) and Ln(2).
 Equations in Note of the proof are too large in the font size. Ln ( 
